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LATE-TIME DUST EMISSION FROM THE TYPE UN SUPERNOVA 1995N 

Schuyler D. Van Dyk 1 

Appearing in the 2013 May issue of the Astronomical Journal. 

ABSTRACT 

The Type Iln supernovae (SNe Iln) have been found to be associated with significant amounts 
of dust. These core-collapse events are generally expected to be the final stage in the evolution of 
highly-massive stars, either while in an extreme red supergiant phase or during a luminous blue variable 
phase. Both evolutionary scenarios involve substantial pre-supernova mass loss. I have analyzed the 
SN Iln 1995N in MCG -02-38-017 (Arp 261), for which mid-infrared archival data obtained with 
the Spitzer Space Telescope in 2009 (~14.7 yr after explosion) and with the Wide-Held Infrared Survey- 
Explorer (WISE) in 2010 (~15. 6-16.0 yr after explosion) reveal a luminous (~ 2 x 10 7 L©) source 
detected from 3.4 to 24 /zm. These observations probe the circumstellar material, set up by pre-SN 
mass loss, around the progenitor star and indicate the presence of ~ 0.05-0.12 Mq of pre-existing, 
cool dust at ~ 240 K. This is at least a factor ~10 lower than the dust mass required to be produced 
from SNe at high redshift, but the case of SN 1995N lends further evidence that highly massive stars 
could themselves be important sources of dust. 

Subject headings: dust, extinction — circumstellar matter — Stars: mass-loss — supernovae: general 
- supernovae: individual (SN 1995N) — galaxies: individual (MCG -02-38-017, 
Arp 261) 



1. INTRODUCTION 

The origin of cosmic dust is still an open question. The 
dust grains may well have come from stars, althoug h dust 
may also form in situ in the interstellar medium (jDraind 
2009). The presence of ~ 10 s M© in quasi-stellar ob- 
jects at redshift z > 6 (cosmic age < 700 Myr) indi- 
cates that dust formati on in these very you ng systems 
must have been rapid (jBertoldi et al.l 12003). Asymp- 
totic giant branch (AGB) stars, evolved from main se- 
quence stars with M < 8 Mq, are most efficient, but 
can only contribute significa ntly to the "dust budget " 
in a galaxy after ~ 400 Myr ([Dwek fc Cherchnefll20lTl ). 
and will dominate dust production for g alaxy ages > 1-2 
Gyr ([Galliano. Dwek. fc ChanTa! [2003 ). A faster dust- 
production channel is massive stars (Minimal > 8 Mq) 
and their endpoints as core-collapse supernovae (CC- 
SNe). To account for the total dust mass in these early 
galaxies, ~ 1 Mq of dust from each SN is necessary 
(jTodini fc FerraralbOQlHNozawa et al.ll2003l) . The prob- 
lem is that, for nearby CCSNe, the most common of 
which are the SNe Il-Plateau (H-P), the dust yields in- 
ferred from mid-infrared observations of the SNe II-P 
with the Spitzer Space Telescope are in the general range 
of ~ 4x 10~ 5 Mn kleikle et al.l200l to a few x 10~ 4 Mq 
(jKotak et al.ll2009t lAndrews et al.ll2011a|) . One caveat is 
that much of the dust formed in these SNe could be cold, 
particularly for older events. Evidence to this effect ex- 
ists Tnjhejorm^he-J). 4-0. 7 Mq at ~ 17-23 K found 
by iMatsuura et all (|201lD for SN 1987A with the Her- 
schel Space Observatory. 

The progenitors of SNe II-P ar e thought to have 
initial masses - /Vfjniti ai < 20 Mq ([Smartt et al.l [2009: 
I Van Dvk et all l20ll . Another class of CCSNe, th e 
SNe Il-narrow (SNe Iln: ISchlegelllllM IFili PP enkdll997l) . 

1 Spitzer Science Center/Caltech, Mailcode 220-6, Pasadena 
CA 91125; email: vandyk@ipac.caltech.edu. 



likely arise from progenitor stars that initially were sig- 
nificantly more massive than this. For example, the 
SN Iln 1998S may have come from a highly-massive 
red supergiant (RSG), w hich, prior to explos ion, ex- 
perienced a "superwind" (|Fransson et al.l [20051 ). possi- 
bly a nalogous to the very luminous Galactic RSG VY 
CMa ([Smith. Hinkle. fc Rvdd [20091 IMauerhan fc Smith! 
I2012T) . On the other hand, indications are that the SN 
Iln 2005gl was the explosion of a Mj n i t i a i > 50 Mq star 
which was e xperiencing a luminous blue variable phase 
at th e time ([Gal- Yam et al.l 120071: iGal-Yam fc Leonard! 
2009). The most extreme SNe Iln may be pair- 
instability events (with Mjnitiai ^ 95 M©; e.g., 
IWooslev. Blinnikov. fc Hegerl 120071) . A number of SNe 
Iln show e vidence, via radio, X-ray, and optical observa- 
tions (e.gJWilliams et al.ll200lllMilisavlievic et alj|200l 
IChandra et al.ll2012D . for sustained interaction between 
the SN shock and a dense, massive circumstellar medium 
(CSM) set up thr ough extensive pre-SN mass loss (e.g., 
IKiewe et al.l I2012T ) . The potential, therefore, exists for 
SNe Iln to be associated with more substantial quanti- 
ties of dust than SNe II-P. 

Searches for and detections of dust from SNe Iln 
have been conducted, with some promising results 
(e.g-JGerardv et alJ2002tlFox et al.1120091; I Andrews et al 



I2011bt IFox et al.l 120111: iTanaka et al.l I2012D . IFox et al 

for instance, found a range of dust masses asso- 
ciated with their sample of SNe Iln, from ~ 1.5 x 10~ 4 
to ~ 0.1 Mq, within an order-of-magnitude of the re- 
quired dust mass from SNe in high-redshift galaxies. 
The origin of the infrared (IR) dust emission is uncer- 
tain: It could arise fr om circumstellar du st heated by 
the forward SN shock (|Tanaka et al .1120121) or from dust 
formed in a cold, dense shell (CDS) within the inter- 
action region between the SN sh o ck and the CSM (e.g. 
iSmith. Foley, fc Filippenko|[2008l) . IFox et al.l ([20TJJ ) con- 
cluded that the IR emission from SNe Iln detected at 
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late times most likely arises from pre-existing CSM dust, 
which is heated by radiation emitted from ongoing shock- 
CSM interaction. Two regimes of warm dust (in the 
shock or CDS) and cool dust (in the heated CSM) b oth 
could exist for some SNe Iln (jStritzinger et alJl20ll . 

Here I consider SN 1995N. This SN was discovered on 
1995 May 5 at an age >10 months and was sp ectroscop- 
ically classified as a SN Iln (IPollas et al.lll995H The SN 
host galaxy is MCG -02-38-017 (A rp 261), at a dis- 
tance of 24 Mpc ([Fransson et al.ll2002[ ). Optical photom- 
etry and spe ctroscopy of the SN w ere obtained fo r over 
a decade by iGruendl et al.l (12002ft . iLi et all (120021) and 
iPastorello et all (|2005ll2011l) . iFransson et all (|2"002l ) an- 
alyzed Hubble Space Telescope (HST) ultraviolet (UV) 
and optical spectroscopy. SN 1995N is also a lumi- 
nous landjojrgdiyed radio (iChandra et alll2009D and X- 
rav (IFox et~al1l200Ct IChandra et alJl20CI5l : iZampieri et all 
120051) source. IPastorello et al.l (|2011[ ) noted that the 
narrow- width (< 500 km s -1 ) components o f the emis- 
sion lines, observed by IFransson et all ()2002D . weakened 
over time and the high-ionization forbidden lines, seen at 
early times, disappeared altogether, while intermediate- 
width (3000-4000 km s^ 1 ) lines of H, [O i], [O n], and 
[O in], which are thought to be associated with the un- 
s hocked e.jecta, increase d in prominence at late times. 

IFransson et all (|2002D determined that the velocities 
and densities measured and inferred from the narrow 
lines in the spectra were typical for the CSM of RSGs. 
Based on the overall properties for SN 1995N, they spec- 
ulated that the progenitor was analogous to the highly- 
luminous RSG VY CMa and post-RSG IRC +10420, 
both of which have superwinds with mass-loss rates of 
M - 10~ 4 -10~ 3 M G yr^ 1 and initial masses M ini > 
30 M & . Such a high mass- loss rate is necessary to ac- 
count for the dense CSM and strong SN-CSM interac- 
tion. From their nea r-IR photometry and spectroscopy, 
iGerardv et all (pool found a significant IR excess from 
SN 1995N at ages - 730-2493 d, which they argued could 
be explained by an IR echo of the initial flash from the 
SN, although reprocessing by dust of the X-ray/UV emis- 
sion from the CSM interaction could feasibly provide ad- 
ditional IR emission at late times. 

2. OBSERVATIONS 

The host galaxy of SN 1995N was observed with 
Spitzer with th e Infrared Array Camera (IRAC; 
iFazio et al.ll2004D at 3.6, 4.5, 5.8, and 8.0 ^m and with 
the Multiband Im aging Photometer for Spitzer (MIPS; 
iRieke et aLll2004D at 24 and 70 /mi on 2009 March 19 
and 29, respectively, as part of program 50454 (PI: 
B. J. Smith). (UT dates are used throughout this 
manuscript.) I obtained the publicly available data from 
the Spitzer Heritage Archive. A source, as shown in Fig- 
ure [TJ is clearly detected at all observed wavelengths, 
except at 70 /im, for which the observations were most 
likely not sensitive enough. In fact, as seen in Figure [T]d, 
it is one of the brightest objects seen in or around the 
host galaxy in the 24 /xm data. Its position in the 3.6 
/zm data is RA (J2000) = 14 h 49 m 28?30, Dec (J2000) = 
— 10°1 / 13 / /7, in very good agreement with the radio po- 
sition ()Chandra et al.ll2009l ). making it highly likely that 
this is the old SN. The separation of the SN from the host 
undoubtedly contributes to the ease of detection in these 
bands. For the explosion date of 1994 July 4 assumed 



by IFransson et al.l ([2002D , the age of the SN when the 
Spitzer data were obtained is ~14.7 yr. SN 1995N, then, 
can be included i n the "transitional" age range for CC- 
SNe, discussed bv lTanaka et all (|2012D . between younger 
SNe and SN remnants. 

The SN field was also observed on 2010 January 
31/February 1 (age ~15.6 yr) and July 31/August 1 
(~16.0 yr) by the Wide-fie ld Infrared Survey Explorer 
( WISE; Wright et al.l [20Toh in all four of its cryogenic 
bands at 3.4, 4.6, 12, and 22 /j,m. I show in FigureJTJ; the 
SN as seen in the Atlas Image in band W3 (12 /im). I will 
discuss the photometry from these WISE data below. 

3. ANALYSIS 

1 used t he MOPEX (Mosaicking and Point source EX- 
traction; iMakovoz fc Khan! 120051: iMakovoz fc Marleaul 
2005) package provided by the Spitzer Science Center 
(SSC) to mosaic the individual artifact-corrected Ba- 
sic Calibrated Data (BCDs) and produce a single im- 
age mosaic in each band (for both IRAC and MIPS, 
I left the first frame out of each set of observations 
when mosaicking, since it often has a far shorter expo- 
sure time than the rest of the BCDs and therefore adds 
mostly noise to the mosaic). I also applied the array 
location-dependent photometric corrections to the IRAC 
BCDs within MOPEX. Flux measurements were ob- 
tained with point-response function (PRF) fitting within 
APEX (Astronomical Point source Extractor), in multi- 
frame mode for IRAC and single-frame mode for MIPS. I 
used a spatially-variable PRF mapping, provided online 
by the SSC, for the IRAC image analysis. A single SSC- 
provided PRF was used to obtain the photometry from 
the MIPS 24 fim mosaic. The PRF fluxes were aperture- 
and color-corrected following the prescriptions provided 
by the online instrument handbooks^. The flux densities 
for SN 1995N in each band are listed in Tableland are 
shown in Figure [2] 

One can see in Figure [2] that the data are nominally 
consistent with a blackbody spectrum at dust temper- 
ature Tdust = 240 K. The blackbody radius is R « 
1.6 x 10 17 cm (w 10700 AU or w 0.05 pc). (This holds 
if the dust is optically thick, whereas I assume, below, 
that the dust is optically thin; so, this radius is effec- 
tivel y a lower limit on the actual size of the dust shell; 
e.g.. IFox et al.ll201lL) For the proge nitor wind speed of 
~ 50 km s _1 (Fransso n et all 120 021 . matter at this ra- 
dius was lost by the star ~ 1000 yr prior to explosion. 
Assu ming the SN shock w as expanding at ~ 2700 km 
s _1 (|Zampieri et all I2005D when the Spitzer data were 
obtained, after ~ 14.7 yr the shock radius would have 
been ~ 1.3 x 10 17 cm. The shock therefore appears to 
be within the blackbody radius, so it is unlikely that the 
dust was freshly formed in the SN ejecta (the dust is also 
relatively cold, and, if freshly formed, we would expect 
it to be warmer) or within the CDS in the interaction 
region. It is more likely that the emission arises from 
pre-existing dust in the u nshocked CSM. 

Following Dwek (1983), I can estimate the radius, 
of the dust-free cavity that the SN evacuated in the dusty 
CSM by its initial outburst. I can constrain the maxi- 
mum blue luminosity from the optical light curves shown 

2 For IRAC, http://irsa.ipac.caltoch.edu/data/SPITZER/docs/irac/iracinstru 
and, for MIPS, http://irsa.ipac. caltech.edu/data/S-Pl'l'^rJK/docs/mips/mipsinst 
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in lPastorello et all (|2005| ); note, however, that we do not 
know the actual maximum, since the SN was discovered 
at > 10 months in age. I therefore estimate that the lu- 
minosity Lq > 2.5 x 10 40 erg s _1 , based on the earliest 
available data in the U and B ban ds and assuming Galac- 
tic fo reground extin ctions f rom Schlaflv fc Finkbeinerl 



<f20Tlt NEEQ). From Enroll ([1983] his Equation Sj, as- 
suming a grain emissivity Q v = (Ao/A) 2 (appropriate for 
silicate grains; see below), Ao = 0.2 pm, and T v ~ 1500 
K (i.e., the evaporation temperature for silicates), I esti- 
mate that this radius is R v > IA x 10 16 cm, likely well 
within both t he blackbod y and sh ock rad ius in 2009. 

Foll owing iHildebrandl ()1983f ) and IBouchet et all 
( 2006) , the wavelength-dependent flux density for an op- 
tically thin point source (an "idealized dust cloud" ) is 



M dust K(\)B„(\,T dust ) 
D 2 



1 



where i?„(A,Tdust) is the Planck function at the dust 
temperature ?d us t, M dust is the dust mass, D is the dis- 
tance to the host galaxy in Mpc, and k(X) is the mass 
absorption coefficient for the dust. This latter term is 
given by 



«(A) 



3Q(A) 
Apa 



(2) 



where Q(A) is the wavelength-dependent dust absorp- 
tion coefficient, a is the dust grain radius, and p is 
the grain mas s density. Here I hav e assumed the dust 
models from lLaor fc Draind (|T993) for graphite and 
smoothe d UV "astronomical silicate s," with p k, 2.2 
g cm" 3 (iWeingartner fc Dra inc 2001) and ~ 3 g cm~ 3 
(jDraine fc Led 1 19841 ). respectively. I have selected a sin- 
gle grain size, a = 0.1 pm, although the choice of a has 
little impact on k(X) in the Rayleigh limit (a < A). 

One can see in Figure [5] that the silicate dust model 
spectrum from Equation [T] compares reasonably well 
with the 8 and 24 pm data points, less so for the 
shorter-waveband data. Dust models that are predomi- 
nantly silicates have been applied previously for a num- 
ber of SNe (e.g.. IBouchet et al.|[200l IMeikle et all llM 
iKotak et all 120091: iTanaka et al.ll2012D . Additionally, if 
the SN 1995N progenitor were analogous to IRC +10420, 
we might expect t he CSM to be comp osed primarily of 
silicate dust (e.g., Blocker et al.l I1999D . The graphite 
model provides a better comparison at the shortest 
bands, however, it is a comparatively poorer match at 
8 and 24 pm. Unfortunately, the overall dust spec- 
trum, compared to the Spitzer data, is relatively un- 
constrained, since no Spitzer observations were obtained 
of this field with the Infrared Spectrograph (IRS) in ei- 
ther Peak-Up Imaging mode at 16 pra or in Staring 
spectroscopic mode. (The observations that were con- 
ducted, although obtained during the cryogenic phase of 
the Spitzer mission, did not become publicly available 
till well after the cryogen was exhausted, when IRS ob- 
servations were no longer possible.) The high 70 pra 
upper limit (not shown) provides a poor constraint on 
the model. 

3 NED is the NAS A/IPAC Extragalactic Database, 
|http://ned .ipac.caltech.edu/ 



Although no additional Spitzer observations were ob- 
tained, I consider the flux densities for the SN from 
the WISE All-Sky Data Release in all four bands, us- 
ing the zero points and color corrections provided in the 
WISE Explanatory Supplement^. The flux densities are 
given in Table [5] and shown in Figure [3] Interestingly, 
the WISE data tend to agree better with the graphite 
model than with the silicate one. I note, however, as 
the Explanatory Supplement warns, that the flux den- 
sities in bands Wl and W2 at these low levels are sys- 
tematically underestimated. Additionally, a measure of 
the reliability of a WISE flux extraction is a comparison 
of the number of individual frames for which profile fit- 
ting for the photometry was possible, for sources with a 
signal-to-noise ratio S/N > 3 on each frame, versus the 
total number of available individual frames. For these 
observations, the total in all four bands was 25 frames; 
the numbers of frames for which profile-fit flux measure- 
ments were possible were 15, 3, 12, and 0, respectively, 
for Wl, W2, W3, and W4 (the ultimate S/N is only 
« 5 in W4). Therefore, as a result of the lower sensitiv- 
ity of the WISE survey data compared to the relatively 
deep, pointed Spitzer observations, the WISE data for 
SN 1995N should possess less weight in the overall anal- 
ysis. 

Integrating the silicate model dust spectrum, the to- 
tal IR luminosity emitted by the dust would then be 
Lir « 8.4 x 10 4 ° erg s" 1 , or « 2.2 x 10 7 Lq. The IR 
luminosity of the blackbody alone is pa 6.0 x 10 40 erg 
s _1 (the luminosity of the graphite mode l is essentially 
the same as this). iGerardv et ail (|2002D modeled the 
near-IR emission from SN 1995N using an IR echo model 
from a pre-existing, s pherically-symmetric CSM, fol low- 
ing the formalism of lEmmering fc Chevalier! (|1988l ). I 
show in Figure H] the luminosity of the SN in 2009, es- 
timated both from the blackbody and the silicate dust 
model, and compare these wi th an extrapola t ion in time 
of the model light curve that IGerardv et al.l (|2002f) con- 
structed with the assumption that the input luminosity 
from the SN is a short flash. One can see that the echo 
model underpredicts the observations by a factor > 2. 
The echo alone, therefore, cannot account for the ob- 
served SN mid-IR luminosit y. Note, howe v er, th at the 
model light curve was fit bv iGerardv eTall £2002) to an 
extrapolation of the near-IR color, which represents only 
the hottest dust. (Mid-IR observations at earlier times, 
had they been feasible, would have provided a better con- 
straint on the total IR evolution and would have sampled 
dust at a larger range of t emperatures.) Note also that 
for this light curve model IGerardv et al.l assumed that 
some pre-SN event had created the dust-free cavity in 
the CSM, rather than the SN itself, and they treated R v 
and T v as being independent of each other. However, we 
would not necessarily expect such an event for a progen- 
itor star analogous to the post-RSG IRC +10420. 

The luminosity from the echo model potentially can 
be augmented if I also take into account the dust emis- 
sion resulting from the absorption and reprocessing of 
the X-ray and UV radiation a r ising from the shock- 
CSM interaction. IGerardv et al.l (|2002D also pointed out 
that the IR emission from SN 1995N at very late times 
could be better explained by sustained emission from 

4 http:/ /wise2. ipac.caltech.edu/docs/release/allsky/expsup/. 
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the CSM interaction. 
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Lcwin et al.l 


2005 


), 


~ 750 d 



after explosion (it is unknown when this X-ray emis- 
sion from the interaction began). The time-averaged 
X-ray (0.1-2.4 an d 0.5-7.0 keV) unabs orbed flux from 
the light curves in iChandra et al.l (|2005j) corresponds to 
Lx ~ 8 x 10 40 erg s _1 . No similar UV light curve ex- 
ists for the SN, however, a partial estimate of the UV 
luminosity can be obtained by integrating the HST FOS 
UV spectrum analyzed by iFransson et al.l (|2002f) and 
by assuming an extinction of A\jy ~ 0.7 mag (NED; 
iSchlaflv fc Finkbeinerl 1201 ll) . This result s in L uv ~ 
7 x 10 40 erg s -1 . From lDraine fc Led (|1984t their Figure 
11) the Planck- averaged emissivity of silicate grains at 
T = 240 K is ~ 0.35, irrespective of grain size. Thus, 
although without constructing a detailed model, I can 
account for an additional ~ 5 x 10 40 erg s _1 of repro- 
cessed X-ray and UV flux from the dust. (This estimate 
does not include the sustained optical emission from the 
CSM interaction.) In total, then, it is feasible that the 
very late-time IR luminosity from SN 1995N is a combi- 
nation of both a fading IR echo from the initial SN flash 
and dust re-radiation of the emission produced by the 
long-term interaction of the shock and the CSM. 

It is not known what was the level of CSM inter- 
action occurring when the Spitzer data were obtained. 
The epochs of the Spitzer and WISE observations were 
well past the l ast X -ray and radio data obt ained by 
IChandra et"afl (|2005| ) and IChandra et al.l (|2009fl . respec- 
tively. Fu rthermore, the la s t optic al spectrum from 2010 
shown in Pa storello et al.l ()201lD appears to be domi- 
nated by the intermediate- width H and forbidden O lines, 
presumably from the unshocked ejecta. 

The dust mass that results from the simple silicate 
model spectrum (Equation Q} is Md us t ~ 0.05 Mq. The 
graphite model, which provides an overall poor compar- 
ison with the Spitzer data, requires an even larger dust 
mass of 0.12 Mq. Assumin g a gas-to-dust ratio of 
~ 100 (jSavage fc Mathisl [l979l ). this implies that the 
total mass in the nebula containing the dust is ~ 5— 
12 Mq. The mass- loss rate from the progenitor star was 
likely high, at M ~ 2 x 10 -4 M© yr _1 (jZampieri et al.l 
2005). Such a mass- loss rate is consistent with that 
found for IRC +10420 (~ 3-6 x 10~ 4 M 9 yrf ; e.g., 
iHumphrevs et al.l 119971 ). iZampieri et~aT1 (|2005[ ) con- 
cluded that the wind was clumpy up to ~ 3.5 yr of the 
X-ray light curve for SN 1995N, and that the CSM den- 
sity distribution must have been smoother farther out 
(at later times in the int eraction). No indicatio n exists, 
even at later times (e.g.. iPastorello et al.ll201l| ). for any 
extin ction other than that from the Galactic foreground 
(e.g.. IFransson et all 120021 ). So, the assumption of opti- 
cally thin dust in the nebula is supported. 

However, if the SN 1995N progenitor was analogous to 
IRC +10420, the latter star is cur rently surrounded b y 
an optically thick dust shell (e.g., iBlocker et al.| [l999). 
Much of the dust that existed outside of the dust-free 
cavity in the inner CSM of SN 1995N could have been 
destroyed by the outgoing shock in the assumed ~ 10 
months after explosion and before discovery — at an 
expansion velocity of 10000 km s _1 (the highest veloc- 
ity inferred from the broad emission line component; 



IFransson et al.l I2002D , the shock would have expanded 
to ~ 2.6 x 10 16 cm, or ~ 16 % of the blackbody radius. 
The broad component has weakened in more recent spec- 
tra (|Pastorello et al.l 1201 ll ). so the expansion has decel- 
erated (as the shock moved through the dense CSM). 
Nonetheless, as calculated above, the shock was already 
at > 80 % of the blackbody radius in 2009, so a signifi- 
cant fraction of the dust in the CSM possibly has been 
destroyed. The star IRC +10420 shows outer, spherical 
circu mstellar shells eject ed from the star ^3000 yr ago 
(e.g- lTiffanv et al.ll20Tol ) — if the SN 1995N progenitor 
was analogous to this star, then the dust emission from 
2009-2010 may have been from similar shells in the out- 
ermost extent of the CSM. In summary, this indicates 
that the total gas and dust mass of the CSM around the 
progenitor initially may have been substantially larger 
than the estimate I have made, above, based on the dust 
mass implied by the Spitzer observations. 

4. CONCLUSIONS 

I have detected very late-time (~14.7-16 yr) emission 
in the mid-IR (3.4-24 ,um) from the SN Iln 1995N, us- 
ing archival data from Spitzer and WISE. This emission 
provides an important probe of the circumstellar envi- 
ronment of the progenitor star. I have applied a simple 
silicate dust model, which agrees best with the Spitzer 
data, and have found that this model is consistent with 
a blackbody temperature of 240 K and a IR luminosity 
of Lir » 8.4 x 10 40 erg s _1 for the dust. A graphite 
model does not compare as well with the Spitzer obser- 
vations, although it does compare better with the less- 
sensitive WISE data. I conclude that the dust emis- 
sion did not arise from freshly-formed dust in the ejecta 
or from dust condensing in the CDS of the shock in- 
teraction region. This emission more likely arose from 
pre-existing circumstellar dust, heated by a combination 
of the long-lived IR echo from the initial SN flash and 
the sustained X-ray/UV (and, probably, optical) flux 
fro m the SN shock/CSM interaction, e.g., as modeled 
by iGerardv et all (|2002f ). Much of the original dust in 
the progenitor pre-SN wind has likely been destroyed 
as the shock has expanded through the CSM. This re- 
sult, of heated pre-existing dust in the CSM, is consis- 
tent with what has be en found for the SN Iln 2010jl by 
lAndrews et all (1201 lbf) and for the Type "Ibn" SN 2006jc 
b ylMattila et all (120081) . 

IFransson etafl <|2002f) speculated that the SN 1995N 
progenitor was a highly-luminous RSG which had expe- 
rienced a super-wind, analogous to the extreme Galac- 
tic RSG VY CMa and the post-RSG IRC +10420. The 
size of the dust-emitting region (radius ~ 10000 AU) in- 
ferred for SN 1995N is comparable to the largest extent 
of the CSM around VY CMa and IRC +10420, and the 
mass in the SN 1995N progenitor nebula is comparable 
to that found for the two Galact i c stars dSmith et al.l 
l200lt ISmlth. Hinkle. fc Rvddl2009l : iTiffanv et al.ll2010l) . 
The mid-IR data, therefore, lends credence to this view 
of the SN progenitor. 

The observed late-time dust emission from SN 1995N 
implies that the dust mass was ~ 0.05-0.12 Mq. I 
note that, although the observed dust is relatively cool, 
~ 240 K, even colder dust, at ~ 20 K, may exist in 
even larger quantities and simply was not detected in 
the mid-IR by Spitzer and WISE, as has been found 
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for SN 1 987A (iMatsmira et alj |2011l) and, e.g., the Crab 
Nebula (|G omez et al]|2012f ) . Unfortunately, no Herschel 
observations of SN 1995N will have been conducted dur- 
ing that missio n's operations. As h as been suggested 
before, e.g., by IMattila et al.l (|2008f) . evidence is con- 
tinuing to accrue that the highly-massive progenitors 
of these strongly-interacting SNe, rather than the SNe 
themselves, may contribute significant amounts of dust 
to galaxies. Such a scenario could be extendable to galax- 
ies early in cosmic history. 



I thank the referee for a helpful suggestion which im- 
proved this manuscript. This work is based on obser- 
vations made with the Spitzer Space Telescope, which is 
operated by the Jet Propulsion Laboratory, California 
Institute of Technology under a contract with NASA. 
This work also made use of data products from the Wide- 
Reld Infrared Survey Explorer, which is a joint project of 
the University of California, Los Angeles, and the Jet 
Propulsion Laboratory/California Institute of Technol- 
ogy, funded by NASA. 
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TABLE 1 

Spitzer Mid-Infrared Flux Densities for SN 1995N 



Wavelength 
(H 


Measured 
Flux Density 

(MJy) 


PRF-Corrccted a 
Flux Density 

(MJy) 


Color-Correctcd b 
Flux Density 

(MJy) 


3.6 


62.6 ±1.1 


61.3 


43.8 


4.5 


124.6 ± 1.7 


123.1 


100.4 


5.8 


216.1 ± 7.1 


211.4 


187.1 


8.0 


615.9 ± 8.9 


607.4 


559.0 


24 


3499.0 ± 36.3 




3631.6 


70 


<30000 







a Aperture and pixel-phase corrections from the IRAC Instrument Handbook. 

b Color corrections from the IRAC Instrument Handbook, assuming a blackbody at 240 K. 



TABLE 2 

WISE Mid-Infrared Flux Densities for SN 1995N 



Wavelength 
(fin) 


All-Sky Release 
Flux Density 

(i«Jy) 


Color-Correctcd a 
Flux Density 

(/xJy) 


3.4 


91 ± 6 


53 


4.6 


103 ± 12 


84 


12 


1451 ± 105 


1543 


22 


3541 ± 760 


3595 


a Color corrections from the WISE Explanatory Supplement, assuming 
a blackbody at 240 K. 
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SN 1995N-.. 

(a) '3-:6 micron 



■ 



*« • 



N • 



E + 



Fig. 1. — Image mosaics at (a) 3.6 fim and (b) 24 fim, constructed from observations obtained with Spitzer in 2009 March, of the host 
galaxy, MCG —02—38—017 (Arp 261), of the SN Iln 1995N (indicated by the arrow). The publicly-available data were obtained from 
the Spitzer Heritage Archive. Also shown in (c) is the WISE Atlas Image showing the SN in b and W3 (12 ^m), pro duced from survey 
observations in 2010. North is up, and east is to the left. This figure can be compared with, e.g.. IFransson et~ al, (2002; their Figure 1). 
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SN 1995N 




Fig. 1. — (Continued.) 
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Fig. 1. — (Continued.) 
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t — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — r 




5 10 15 20 25 30 

Wavelength (^m) 

Fig. 2. — Flux densities for SN 1995N (solid points) measured from the 2009 Spitzer observations of the host galaxy. See Table[T] The 
uncertainties in these measurements are much smaller than the size of the points s hown. Shown for com parison are a blackbody spectrum 
at dust temperature T(j ust = 240 K (dashed line) and model spectra, assuming dust (Laor & Drainc 1993) composed of graphite (dot-dashed 
line) and "astronomical silicates" (solid line) at this temperature, as described in the text. 
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t — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — r 




5 10 15 20 25 30 



Wavelength (^m) 

Fig. 3. — Same as Figured but with flux densities for SN 1995N from the WISE All-Sky Data Release (observations from 2010). See 
Table [2] The uncertainties in the flux densities at 3.4 and 4.6 fim are much smaller than the size of the points shown. 
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2000 4000 

Age (day) 

Fig. 4. — The total luminosity from the 2009 Spitzer observations in the mid-IR of SN 1995N, assuming the blackbody at dust temperature 
Idust = 240 K (solid triangle) and the silicate dust model (solid sq uare). See Figure [2] Shown for comparison is an extrapolation 
of the IR light curve ( s olid l ine) constructed by Gcrardy ct al. (20Q2) to fit the early-time, near-IR measurements of the SN, following 
Emmcring & Chevalier ( 1988) and assuming that the SN was a short flash. Note that this light curve model underestimates the 2009 mid-lR 
luminosity by a factor > 2. The balance of the emission plausibly can be provided via reprocessing by the CSM dust of the X-ray/UV flux 
from the long-lived SN shock-CSM interaction. 



